Abstract. The jump frequency of Cd tracer atoms in pure and Al-doped β-Mn was determined from measurements of quadrupole relaxation using the method of perturbed angular correlation of gamma rays. The jump frequency of Cd in β-Mn containing about 4.5 at.% Al had an activation enthalpy of 0.67(3) eV. In pure β-Mn at 950 K, the jump frequency was a factor about 8 larger than the value of 9.2 MHz in the alloy. Information was also obtained about the sluggish kinetics of the α-Mn to β-Mn polymorphic transformation.
Introduction
The jump frequency of Cd tracers in β-Mn was measured using the method of perturbed angular correlation of gamma rays (PAC). Diffusion in β-Mn has not been previously studied by any method to our knowledge. β -Mn has the A13 structure and is reported to be stable between 727 °C and 1100 °C [1] . It has 20 atoms per unit cell with two inequivalent sublattices, 8(c) and 12(d) [2] . Sites on the 8(c) sublattice have .
3 . point symmetry and sites on the 12(d) sublattice have 2 .. point symmetry.
Using PAC, the electric field gradient (EFG) can be measured at the nuclei of tracer probes via the quadrupole interaction. When tracers jump among lattice sites such that the EFG at a nucleus reorients during a jump, the nuclear quadrupole interaction of the ensemble of nuclei loses coherence over time. The resulting loss of coherence, or nuclear quadrupole relaxation, can be analyzed to determine the mean jump frequency [3] . A previous PAC study determined that indium occupies the 12(d) site from the symmetry of the measured EFG [4] . It can be shown that the EFGs at 12(d) sites have 12 different orientations, so that it is possible to measure the jump frequency of Cd tracers jumping among the sites. In dissolved in HCl was placed on a granule of Mn (99.99% purity) with a mass of about 25 mg. After the liquid evaporated, the Mn was melted, with or without Al (99.997% purity), in an arc furnace under an argon atmosphere. Samples A, B, and C below correspond to Mn with Al contents of 0.0, 3±2, and 4.5±0.2 at.% Al, respectively. The composition of sample B was determined from the masses of Al and Mn before the melt and the uncertainty was calculating by assuming that mass lost during the melt was either all Al or all Mn. The composition of sample C was determined by electron probe microanalysis.
Methods
Perturbed Angular Correlation Spectroscopy. Gamma radiation emitted from
111
In/Cd probes was used to measure the jump frequency of Cd. There is an anisotropic probability of detecting the second gamma ray of the cascade with respect to the direction in which the first gamma ray is detected. When an electric field gradient (EFG) is present at the Cd nucleus, the intermediate state is perturbed and populations of its magnetic substates evolve over the lifetime of the level. As a result, there is a time dependence in the angular correlation between the gamma rays of the cascade that is characterized by a perturbation function G 2 (t). Additional information about methods can be found in Refs. 5 and 6.
The EFG at a nucleus is the second derivative of the electrostatic potential due to the extranuclear charges in the surrounding crystal. The EFG is a traceless, second-order tensor V ij , which in diagonal form has components customarily labeled so that |V zz | ≥ |V yy | ≥ |V xx |. The two independent parameters usually reported are the principal component V zz and the asymmetry parameter η ≡ (V xx -V yy )/V zz . For nuclei at a site with cubic site-symmetry, the EFG is zero (V zz =0). For sites having a single 3-fold, 4-fold, or 6-fold axis of symmetry, V zz ≠ 0 and η=0. For sites with still lower symmetry, such as the 12(d) sites in β-Mn, V zz ≠ 0 and 0<η ≤ 1.
The perturbation function for spin-5/2 probes in a static EFG is given by
(
The s are functions of η [7] . In general, 
in which the relaxation parameter
. If the EFG reorients during probe jumps, and assuming every jump leads to reorientation, then the total jump frequency w, defined as the inverse of the mean residence time, is related to the EFG reorientation rate by When probes are located in different sites, the overall perturbation function is a superposition of functions for probes on each site:
in which the site fraction f i is the fraction of probes in site i. PAC spectra (experimental perturbation functions) were collected using a conventional four-detector slow-fast spectrometer with samples kept in a vacuum better than 10 -6 mbar mounted in a furnace designed to minimize sample to detector distance [6] .
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Results
Representative PAC spectra for samples A and B are shown in Fig. 1 . Curves indicate fits of the spectra to Eqs. 1 through 3, in which site fractions and quadrupole interaction parameters, Q ω and η , of signals from the α and β phases and the relaxation parameter λ of the β phase were fitted parameters. The site fractions provide information about the β α ↔ phase transformation, and the relaxation parameters provide information about Cd diffusion. β β β β α α α α ↔ ↔ ↔ ↔ Transformation. After quenching sample A (pure Mn) to room temperature from the melting temperature, the spectrum measured at room temperature (Fig. 1, left, bottom) exhibited a single signal with Q ω =26.47(3) Mrad/s, η =0.076(3), and no inhomogenous broadening. This is in agreement with the PAC signal observed previously for In/Cd and attributed to Cd on the 12(d) site in β-Mn after quenching to room temperature [4] . After cooling slowly, a spectrum collected at room temperature (Fig. 1, left , second from bottom) instead exhibited a signal with Q ω =1.44(4) and η =0.128(1), which can be identified with In/Cd in α-Mn as discussed in Ref. 4 . A measurement at 902 K (not shown) exhibited 100% of the α-Mn signal, after which the sample was heated to 986 K at a rate greater than 4 K/min. Successive PAC spectra collected at 986 K differed as a function of time. In a 15-h measurement started 7 h after reaching 986 K, the spectrum exhibited 30% α-Mn signal and 70% β-Mn signal (Fig. 1, left, second from top) . In a 23-h measurement started 30 h after reaching 986 K, the spectrum exhibited 100% of a β-Mn signal (Fig. 1, left, In/Cd PAC spectra from undoped Mn (sample A, left) and Al-doped Mn (sample B, right) at indicated temperatures.
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heavily damped due to relaxation and therefore appears different from the room temperature spectrum. Site fractions and measurement temperature are plotted as a function of time in Fig. 2 . As can be seen, complete transformation from the α to β phase was observed at 986 K in about one day, which is below the assessed transition temperature of 1000 ± 5 K [9] , but the transformation is sluggish. The α β → transformation was similarly sluggish, as observed during measurements at 965 and 954 K.
Cd diffusion. After complete conversion to β-Mn, the spectrum of sample A at 986 K (Fig. 1, left, top) is heavily damped due to jumping of the Cd tracers. This spectrum and two others were fitted using Eq. 2 to obtain the jump frequency w=λ. Jump frequencies are plotted versus T k B / 1 in Fig. 3 (squares) . Measurements of the jump frequency could not be made at higher temperatures because In diffused out of the sample and evaporated rapidly. Because of the α β → phase transformation, measurements of w could not be made below 965 K. The temperature range accessible to measurement in pure Mn was too limited to determine a meaningful activation enthalpy for the jump frequency.
To extend the temperature range of measurement, samples were doped with Al because Al stabilizes the β-phase to lower temperature [1] . The spectrum collected from sample B at room temperature (Fig. 1, right, bottom) exhibited 100% of the β-Mn signal. There is detectable inhomogenous broadening, visible as a more pronounced decay in the amplitude as a function of time than for sample A (Fig. 1, left, bottom) . The broadening is attributed to weak EFGs due to Al atoms located at random in the lattice. At elevated temperatures (Fig. 1, right , top three spectra), additional damping is observed that increases with increasing temperature, which is attributed to jumping of probes. The jump frequencies, taken to be equal to the fitted relaxation parameters, are shown as triangles in Fig. 3 for the measurements on samples B and C. Jump frequencies of both samples Hz. In pure Mn, the jump frequency was found to be a factor 8 larger at corresponding temperatures. 
Discussion
The total jump frequency w is related to the diffusion coefficient D according to
which f is the correlation factor and l is the jump distance [10] . No other diffusion data for β-Mn are available, but a comparison can be made between the jump frequencies measured in this study and self-diffusion data for the higher temperature allotropes γ-Mn (fcc) and δ-Mn (bcc) [11] . Two sets of diffusion coefficients D 1 and D 2 that were believed to correspond to volume diffusion and grain-boundary diffusion [11] were given for each phase. Our data are compared with the data from Ref. 11 after converting diffusion coefficients to jump frequencies, w 1 and w 2 , using f 0 =0.7815 and a=3.8624 Å [12] for face-centered-cubic γ-Mn and f 0 =0.727 and a=3.0806 Å [12] for body-centered cubic δ-Mn. As can be seen, the jump frequency of Cd in Al-doped β-Mn extrapolates to the rate w 1 , but there is no reason to expect jump frequencies to be similar in different polymorphs and, besides, the activation enthalpies appear to be quite different. In closing, it should be noted that the jump frequencies reported for the Al-doped samples are more reliable than for the pure Mn sample because analysis of spectra of the undoped samples is subject to more systematic error in the fitting. Nevertheless, it appears that there is a large difference in jump frequencies of Cd in pure and Al-doped β-Mn that is a consequence of alloying with several percent of Al.
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